There is growing interest in N-desmethylclozapine (NDMC), the major metabolite of clozapine, as a unique antipsychotic because it acts in vitro as a 5-HT 2 antagonist and as a partial agonist to dopamine D 2 and muscarinic receptors. To explore this, we compared NDMC to a typical (haloperidol), atypical (clozapine), and partial-agonist atypical (aripiprazole) antipsychotic in preclinical models. The comparison was carried out using: brain D 2 and 5-HT 2 receptor occupancy; animal models predictive of antipsychotic efficacy (amphetamine-induced hyperlocomotion (AIL) and conditioned avoidance response (CAR) models); measures predictive of side effects (catalepsy and prolactin elevation); and molecular markers predictive of antipsychotic action (striatal Fos induction). NDMC (10-60 mg/kg/s.c.) showed high 5-HT 2 (64-79%), but minimal D 2 occupancy (o15% at 60 mg/kg) 1 h after administration. In contrast to other antipsychotics, NDMC was not very effective in reducing AIL or CAR and showed minimal induction of Fos in the nucleus accumbens. However, like atypical antipsychotics, it showed no catalepsy, prolactin elevation, and minimal Fos in the dorsolateral striatum. It seems unlikely that NDMC would show efficacy as a stand-alone antipsychotic, however, its freedom from catalepsy and prolactin elevation, and its unique pharmacological profile (muscarinic agonism) may make it feasible to use this drug as an adjunctive treatment to existing antipsychotic regimens.
INTRODUCTION
Despite its risk of causing agranulocytosis and seizures, clozapine still remains the gold-standard for efficacy in schizophrenia even after decades of new drug development (Kane et al, 1988; Buchanan, 1995; Volavka et al, 2002; Meltzer et al, 2003; Woodward et al, 2005) . As compared to other antipsychotics, clozapine shows two unique abilities; a very low propensity for extrapyramidal symptoms (EPS) and efficacy in patients for whom other typical and atypical drugs have not been effective. There are several accounts for its freedom from EPS: low affinity for and low occupancy of D 2 receptors, 5-HT 2 antagonism, cholinergic effects, and 5-HT 1A agonism (Meltzer et al, 1989; Farde et al, 1992; Rollema et al, 1997; Bymaster et al, 2003) . However, the reason for its unique therapeutic efficacy is still not well understood. Recent clinical and preclinical data have raised the possibility of an important therapeutic role of clozapine's major metabolite N-desmethylclozapine (NDMC) (Sur et al, 2003; Weiner et al, 2004; Burstein et al, 2005; Davies et al, 2005; Li et al, 2005) .
Clozapine undergoes extensive hepatic metabolism, of which NDMC and clozapine N-oxide are major metabolites (Pirmohamed et al, 1995; Dain et al, 1997) . NDMC is formed by demethylation of clozapine by CYP1A2 and CYP3A4 isoforms of the P450-enzyme system (Eiermann et al, 1997; Olesen and Linnet, 2001) , and across individuals there is significant variation in the metabolism of clozapine with levels ranging from 20 to 150% of the parent compound (Bondesson and Lindstrom, 1988; Perry et al, 1991) . NDMC is reported to have a higher affinity to 5-HT 2A , 5-HT 2C , and muscarinic receptors (M 1 -M 5 ) receptors, comparable affinity to D 2 and lower affinity to D 1 receptors (Kuoppamaki et al, 1993; Sur et al, 2003; Burstein et al, 2005) than the parent compound. At the muscarinic receptors, NDMC differs from clozapine by being a more potent partial agonist at M 1 receptors and also shows increased agonist efficacy at M 4 and M 5 receptors (Weiner et al, 2004) . The interest in a therapeutic role for NDMC has been highlighted by recent findings that high NDMC/clozapine ratios predict improvement in cognitive functioning and quality of life better than plasma levels of either compound alone (Weiner et al, 2004 ) though, not all previous studies have found positive benefits of a high NDMC/clozapine ratio (Dettling et al, 2000; Mauri et al, 2004) . Also the recent identification of NDMC as a partial agonist at the D 2 receptor has raised considerable interest in its possible role as an antipsychotic (Burstein et al, 2005) as aripiprazole, a recently introduced partial-agonist D 2 antipsychotic, has been found to be effective, safe, and well tolerated for positive and negative symptoms in schizophrenia and schizoaffective disorder (Potkin et al, 2003) .
In light of the growing interest in NDMC as a primary antipsychotic, we thought that it would be of particular relevance to compare the activity of NDMC to clozapine (its parent compound and an atypical D 2 antagonist), haloperidol (an established typical agent), and aripiprazole (an established D 2 partial agonist atypical antipsychotic) in models that have reliably predicted antipsychotic profiles in the past. The first question regarding NDMC was its ability to cross the blood-brain barrier, and so we began our investigations with dopamine D 2 and 5-HT 2 occupancy of NDMC and compared it to other antipsychotics. Next, we compared them in models of functional dopamine antagonism and antipsychotic efficacy: amphetamine-induced locomotor activity (AIL), conditioned avoidance response (CAR), and Fos induction in the nucleus accumbens (shell region), along with markers of motor side effectsFcatalepsy (CAT) and Fos expression in the dorsolateral striatum (Deutch et al, 1992; Robertson et al, 1994; Arnt and Skarsfeldt, 1998) . Plasma prolactin levels, which serve as an endocrine marker of D 2 receptor antagonism outside the blood-brain barrier, were also evaluated (Kapur et al, 2002) .
MATERIALS AND METHODS

Animals
Adult male Sprague-Dawley rats weighing 250-275 g on arrival (Charles River Laboratories, Montreal, Canada), housed in pairs under reversed lighting conditions (12 h reverse light/dark cycle-lights off at 0800) and with access to food and water ad libitum were used. Animals were allowed to acclimatize to the housing facility for at least 5 days before being used for experimentation. All experiments were approved by the institute's animal care committee.
Drugs
Haloperidol (Sabex Inc., Boucherville, QC, Canada), clozapine (ANAWA Trading SA, Wangen, Zurich, Switzerland), aripiprazole (custom synthesized), and NDMC (a gift from ACADIA pharmaceuticals, San Diego, CA, USA) were used in the study. Aripiprazole was dissolved in 30% dimethylformamide (in physiological saline), whereas the other drugs were dissolved in 1-2% glacial acetic acid and made up to volume with physiological saline. (Sumiyoshi et al, 1995; Wadenberg et al, 2000b) . Brain tissues (striatum or prefrontal cortex and cerebellum) were rapidly dissected and dissolved and counted using liquid scintillation spectrometry (Wadenberg et al, 2000b) . Striatal, prefrontal, and cerebellar counts expressed as disintegrations per minute/mg (DPM/mg) of tissue were used for calculations. The ratio of striatum minus cerebellum (index of specific binding)/cerebellum (index of free and nonspecific binding) was used to obtain an index of the binding potential (BP) of dopamine D 2 receptors and in case of 5-HT 2 receptors, prefrontal cortex was used instead of striatal tissue (Farde et al, 1988; Kapur et al, 1999; Wadenberg et al, 2000b) . The occupancy induced by the drug was calculated using the formula: %Occupancy ¼ 100 Â (BP controls ÀBP drug / BP controls ); where BP controls is the pooled D 2 or 5-HT 2 binding potential of all the control animals and BP drug is the D 2 or 5-HT 2 binding potential of a drug-treated animal. Occupancy curves and the ED 50 values (dose at which 50% receptors are occupied) if attained were determined using the nonlinear regression equation representing a rectangular hyperbola, using Sigma Plot s . Catalepsy was evaluated in the same animals used for the occupancy experiment 10 min before killing. Animals were placed on an inclined grid (601) and the time the animals remained immobile (excluding the first 30 s), was used as an index of catalepsy (on a scale 0-5) (Ahlenius and Hillegaart, 1986; Wadenberg et al, 2000b ). An animal was considered cataleptic with a score greater than or equal to 2. Raters were blind to drug treatment and the ED 50 values were evaluated using probit analysis (Finney, 1971) .
Amphetamine-Induced Locomotion
The locomotor activity boxes were clear plexiglas housing cages, (27 Â 48 Â 20 cm) equipped with a row of six photocell beams placed 3 cm above the floor of the cage. A computer was used to detect and record the number of photobeam interruptions. For investigating the effects of haloperidol (0.01-0.5 mg/kg), clozapine (1-40 mg/kg), aripriprazole (0.3-10 mg/kg), and NDMC (10-100 mg/kg) on AIL, rats were first injected with the appropriate antipsychotic or vehicle and placed in the locomotor activity boxes for a period of 30 min. Then, d-amphetamine (1.5 mg/ kg/s.c.) was administered and locomotor activity was monitored for a period of 60 min. The ED 50 value was the dose that was required to inhibit 50% of locomotor activity counts recorded over the period of 60 min with respect to vehicle-treated amphetamine-administered animals and was calculated using nonlinear regression. Each group contained a minimum of six subjects at each dose level tested.
Conditioned Avoidance Responding
Rats were trained and tested in a computer assisted two-way active avoidance (shuttle boxes) apparatus (Med Associates, VT, USA) placed in a sound and light-attenuating ventilated chamber. The boxes were divided into two compartments of equal size with a microswitch detection system to identify the location and movement of the rat in the shuttle box from one compartment to the other. A 80 dB white-noise served as a conditioned stimulus which was followed 10 s later by a scrambled 0.8 mA shock as the unconditioned stimulus. Animals were habituated to the CAR boxes for 30 min before training and rats that moved to the other side of the box within the period of the conditioned stimulus only (10 s) were noted as having made an 'avoidance' response. Those who escaped the shock in the next 20 s were termed as having 'escaped', and those not escaping were termed as 'escape failures' (Wadenberg et al, 2001b) . After 5 days of training, a performance criterion of greater than 80% avoidance served as the basis for selecting rats that were used for drug testing. The ED 50 for CAR was the dose required to produce 50% inhibition of avoidance, and was calculated using probit analysis at the 90-min time point after drug administration (Finney, 1971) . Haloperidol was tested at 0.01, 0.05, and 0.15 mg/kg in six subjects; clozapine was tested at doses of 5, 15, and 30 mg/kg in six subjects; aripiprazole was tested at 3, 10, and 30 mg/kg in six subjects; whereas NDMC was tested at 10, 30, and 100 mg/kg in six subjects. Animals of each drug group served as their own controls in a within-subject design. Animals were tested at 0, 20, 90, 240 min, and 24 h after drug administration with an interval of at least 2 days between experiments. The 0-min time point represents CAR testing before drug administration.
Fos Immunohistochemistry
Haloperidol (0.01-0.5 mg/kg), clozapine (7.5-50 mg/kg), aripiprazole (3-100 mg/kg), and NDMC (3-60 mg/kg) were evaluated. The animals were deeply anaesthetized with sodium pentobarbital (100 mg/kg i.p.), 2 h after drug administration and perfused transcardially with saline followed by 4% paraformaldehyde. The brains were removed, post-fixed in 4% paraformaldehyde, transferred to sucrose solutions (10% for 2 h, 20% for 12 h, and 30% for 24 h), and then dried and stored at À801C until processing. Immunostaining was performed on free-floating, 40 mm cryostat sections with a polyclonal primary antiserum raised in rabbit against the Fos peptide (4-17 amino acids of human Fos; Oncogene Research Products, Cambridge, MA, USA), diluted 1 : 5000 and incubated for 48 h at 41C. The tissue sections were then exposed to biotinylated goat anti-rabbit secondary antibody (1 : 200, Vector Laboratories, Burlingame, CA, USA), which was followed by incubation with horseradish peroxidase avidin-biotin complex (Vector Laboratories, Burlingame, CA, USA) to visualize the Fos staining. Fos-immunoreactive nuclei were counted within a 400 Â 400 mm grid at a magnification of Â 100 in the shell of the nucleus accumbens and dorsolateral striatum (bregma 1.70-1.00) (Paxinos and Watson, 1986; Robertson et al, 1994) using an MCID M5 imaging and software system (Imaging Research, St Catherines, ON, Canada). Cell counts were obtained from at least three separate brain sections for each brain, obtained from at least four subjects per group, by an observer who was blind to treatment conditions.
Plasma Prolactin Measurements
Prolactin levels were measured using plasma collected from rats killed for the occupancy experiment 1 h after drug administration. Plasma samples were stored in À801C until they were assayed. The prolactin levels (ng/ml) were measured using a rat prolactin enzyme immunoassay kit (ALPCO Diagnostics s , Windham, NH, USA).
RESULTS
Occupancy
All drugs with the exception of NDMC showed dosedependent striatal D 2 receptor occupancy (D 2 RO) in the dose range tested 1 h after drug administration ( Figure 1 , In the CAR experiment, NDMC at 100 mg/kg showed a statistically significant inhibition 240 min after treatment; unlike other antipsychotics, which were active within 1 h after drug administration. A separate study to look at the time course of D 2 RO occupancy of NDMC at two doses (30 and 100 mg/kg) was carried out, 240 and 360 min after drug administration. The dose of 30 mg/kg resulted in D 2 RO of 10.27 and 6.3% at 240 and 360 min post-drug administration, whereas 100 mg/kg resulted in D 2 RO of 42.92 and 37.8%, 240 and 360 min post-drug administration.
Clozapine and NDMC showed very high dose-dependent prefrontal 5-HT 2 RO whereas haloperidol and aripiprazole showed lower occupancy levels in the tested dose ranges 1 h after administration (Figure 1 , Table 1). [ 3 H] Ketanserin resulted in an average binding potential of 1.5970.33 (mean7SD) in the prefrontal cortex in pooled control animals. The ED 50 for haloperidol was 1 mg/kg (95%CI: 0.46-1.54) showing occupancy levels of 18-55% over a dose range of 0.1-1 mg/kg. Aripiprazole tested over a dose range of 1-30 mg/kg showed 5-HT 2 RO levels of 7-32% and its ED 50 was not determined. Clozapine's 5-HT 2 RO ED 50 was 0.19 mg/kg (95%CI: 0.09-0.29) and in a dose range of 0.1-40 mg/kg it showed occupancies ranging from 35 to 97%. NDMC in a dose range of 10-60 mg/kg showed 5-HT 2 RO from 64 to 79% with an ED 50 of 6.6 mg/kg (95%CI: 2.56-15.76) extrapolated from the rectangular hyperbola (y ¼ ax/ (b + x)) used to fit the data. A separate study to look at the time course of 5-HT 2 RO occupancy of NDMC at 100 mg/kg was carried out, 240 min after drug administration, and it resulted in an occupancy of 98.14%.
Catalepsy
Doses of haloperidol (X0.1 mg/kg) that exceeded 80% D 2 RO showed CAT 1 h after drug treatment (Figure 1) . None of the clozapine-treated animals showed CAT. In the case of aripiprazole none of the animals exhibited CAT even when the doses exceeded 90% D 2 RO. Also CAT was not observed in any of the animals administered with NDMC, tested 1 h as well as 4 and 6 h after drug administration.
Amphetamine-Induced Locomotion
Haloperidol, clozapine, and aripiprazole significantly inhibited AIL in a dose-dependent manner; however NDMC was only partially effective at a dose of 100 mg/kg 1 h after drug administration (Figure 2 , Table 1 ). The ED 50 for haloperidol was determined to be 0.027 mg/kg (CI 95%: 0.015-0.039), which corresponded to a D 2 RO of 53%. Clozapine's ED 50 value in this assay was 4.16 mg/kg (CI 95%: 1.38-6.94) which was equivalent to 24% D 2 RO. Aripiprazole inhibited AIL with an ED 50 value of 0.34 mg/kg (CI 95%: 0.24-0.44) and reflected a D 2 RO of 33%. NDMC was also tested in the AIL model 240 min post-treatment and showed a similar profile at that obtained 30 min posttreatment (Figure 2) .
CAR
All the standard drugs inhibited CAR significantly at the tested doses (Figure 3, Table 1 ). Haloperidol showed a Antipsychotic evaluation of N-desmethylclozapine in rat S Natesan et al significant reduction in CAR 20 min after drug administration and its ED 50 90 min post-treatment was determined to be 0.03 mg/kg (95%CI: 0.004-0.06) and correlated to a D 2 RO of 51%. Clozapine treatment also resulted in a significant reduction in CAR 20 min after drug administration and its ED 50 (90 min) was determined to be 7.77 mg/kg (95%CI: 2.34-15.11), which corresponded to a D 2 RO of 36%. Aripiprazole's ED 50 90 min post-drug administration was determined to be 5.85 mg/kg (95% CI: 2.62-10.98) which was equivalent to 82% D 2 RO. There were no escape failures throughout the trials and all drug-treated animals returned to their baseline 24 h after drug administration. NDMC did not inhibit CAR up to a dose of 30 mg/kg at any time pointFeither at 20, 90, 240 min, or 24 h after dosing. The dose of 100 mg/kg did inhibit CAR, but only at 240 min after drug administration, an effect not seen with any of the lower doses. In comparison to other antipsychotics the ED 50 value at the 90 min for NDMC would exceed 100 mg/kg. The maximal inhibition of CAR by NDMC at the 240-min time point was 75% at a dose of 100 mg/kg (corresponding to a D 2 RO of 42.92%) and lower doses were not effective. There were no escape failures throughout the trials and all drug-treated animals returned to their baseline 24 h after drug administration.
Fos Expression
Induction of Fos was measured over different doses in the nucleus accumbens as well as the dorsolateral striatum for all the four drugs (Figure 4 ). For haloperidol significant Fos induction in the nucleus accumbens (shell) emerged when occupancies exceeded 60% D 2 RO. The lowest dose of clozapine that was tested (7.5 mg/kg-35% D 2 RO) showed significant Fos induction in the nucleus accumbens. Doses of aripiprazole o70%D 2 RO (3 mg/kg) occupancy, did not produce a discernable Fos signal in the accumbens, and Fos became observable only at occupancies exceeding 80% D 2 RO (10 mg/kg) (Figure 4) . Only the highest dose of NDMC (60 mg/kgB13% D 2 RO) tested showed statistically significant Fos induction ( Figure 5 ).
Haloperidol at the dose of 0.5 mg/kg that has the propensity for inducing CAT (D 2 RO 480%) clearly showed high levels of Fos induction in the dorsolateral striatum (greater than 30 counts in a 400 Â 400 mm area). Although there was a statistically significant increase in Fos expression in the dorsolateral striatum at higher doses of aripiprazole (D 2 RO 480%), the extent of Fos expression did not translate into motor side effects as evaluated by CAT (Figure 4 ). Clozapine and NDMC in the dose range tested did not significantly induce Fos in the dorsolateral striatum correlating with their lack of CAT ( Figure 5 ).
Prolactin
Haloperidol showed a dose-related prolactin induction 1 h after drug administration (Figure 6 ). In the haloperidol group one rat in the 0.05 mg/kg treatment group was a significant outlier (prolactin value of 140 ng/ml; Grubbs test Z ¼ 1.71, po0.05) and was excluded from the calculations and one sample in the 1 mg/kg group was lost owing to contamination. In the case of aripiprazole, at the dose of 10 mg/kg, a small increase was obtained and higher doses did not show any statistically significant elevation of prolactin levels. Clozapine and NDMC did not cause The avoidance values were analyzed for each drug in a repeated measures ANOVA with dose (vehicle, three drug doses) as a within-subject factor for each time point separately. If the sphericity assumption was not met Huynh-Feldt correction was applied and the main effect of dose was significant at least at one time point for all the drugs. Post hoc comparisons were performed using the Bonferroni adjustment for multiple comparisons and the level of significance indicated in the figure is that with respect to vehicle treatment (*po0.05).
increase in prolactin induction 1 h after drug administration at the doses tested. Haloperidol at a dose of 0.05 mg/kg where significant elevation of prolactin is observed corresponds to 460%D 2 RO whereas aripiprazole did not show prolactin elevation at D 2 RO 490% (30 mg/kg). Prolactin levels tested for NDMC 240 and 360 min after drug administration for 30 and 100 mg/kg were not significant from the vehicle controls (one-way analysis of variance (ANOVA) F(4,25) ¼ 0.74; post hoc Dunnett (two sided) with respect to pooled vehicle control).
DISCUSSION
We began by assessing NDMC's ability to enter the brain, especially given the conflicting data available on NDMC's brain levels as a metabolite during clozapine treatment in rodents (Baldessarini et al, 1993; Weigmann et al, 1999) . Clearly, NDMC 1 h after drug administration, showed an orderly and dose-dependent occupancy of 5-HT 2 receptors however, its occupancy of D 2 receptors was rather low. The results clearly demonstrate that despite NDMC's ability to Figure 4 Fos expression in the nucleus accumbens and dorsolateral striatum owing to drug treatment (n ¼ 4 for each dose). Rats were killed 2 h after drug administration and Fos immunoreactive nuclei expressed as mean7SEM was counted within a 400 Â 400 mm grid in the specified brain regions. **po0.001, *po0.05, one-way ANOVA F(16,67) ¼ 23.93; post hoc Dunnett (two sided) with respect to pooled vehicle control of nucleus accumbens. Clozapine's in vivo ED 50 ratio D 2 (15.48 mg/kg)/5-HT 2 (0.19 mg/kg) is 81 and if a similar ratio is applicable to NDMC (given its structural similarity to clozapine and an ED 50 value of 6.6 mg/kg for 5-HT 2 RO) the ED 50 for D 2 in vivo occupancy would exceed 500 mg/kg. The lower affinity to D 2 receptors compared to 5-HT 2 receptors partially explains NDMC's lack of significant occupancy at the D 2 receptors, 1 h after administration. The low D 2 RO of NDMC is consistent with its lack of catalepsy or prolactin elevation, as these measures have been closely linked to D 2 RO for other agents (Wadenberg et al, 2000b; Natesan et al, 2006) . In the AIL model, NDMC had the least effects among the established antipsychotics tested. Clozapine's ED 50 for the AIL model is 4.16 mg/kg and it occupies 25% D 2 receptors at that dose. NDMC achieves this level of occupancy at a very high dose (100 mg/kg) and at time points much later (43%, 240-min post-drug administration) than that of clozapine. In the case of other D 2 antagonists/partial agonists, inhibition of AIL (ED 50 ) is seen at striatal D 2 occupancies B50-60% (Natesan et al, 2006) . However, in the case of NDMC this level of occupancy is not achieved even at the high dose of 100 mg/kg observed up to 360-min post-treatment. 5-HT 2 receptor antagonism (O'Neill et al, 1999) and muscarinic M 1 agonism are known to inhibit AIL and it is likely that they could have influenced inhibition of AIL, although at a very high dose.
The CAR model has very high predictive validity for antipsychotic efficacy, and this relationship is driven not only by drug effects on D 2 receptors, but, is also influenced by dopamine D 1 (McQuade et al, 1992) , adrenergic (Hertel et al, 1999; Wadenberg et al, 2000a; Linner et al, 2002) , glutaminergic (Takamori et al, 2003) , muscarinic , and serotonergic (Wadenberg et al, 1994 (Wadenberg et al, , 2001a receptor systems. NDMC was ineffective at the 20-90-min time point where all the other effective antipsychotics demonstrate efficacy. NDMC was effective 240 min after drug administration, and that only at a dose of 100 mg/kg where its D 2 RO was 43%. The reason for such late emergence does not seem to be slower brain penetration of NDMC as it occupies 5-HT 2 receptors at a much earlier time point. It is plausible that NDMC is probably being converted to a metabolite (or back-converted to clozapine) (Chang et al, 1998) and it is these latter agents that are responsible for its late-appearing efficacy. Regardless of which moiety is most active at the time periodFone plausible mechanism for this late appearing action is its modest levels of D 2 occupancy at that time period. It is possible that NDMC may act like an antagonist because of its low level of intrinsic activity on D 2 receptors, and given its comparable level of D 2 occupancy (43% at 100 mg/kg) with that of clozapine at effective doses (CAR ED 50 36%), the effects in CAR may be due to D 2 receptor antagonism. It has also been suggested that NDMC has muscarinic agonist action (Sur et al, 2003) and muscarinic agonism has been shown to independently have an effect on CAR . Though we could not measure muscarinic agonist effects of this agent, it is plausible that its muscarinic effects when combined with its modest D 2 occupancy lead to the late-emerging inhibition of CAR at a high dose.
Drug-induced patterns of expression of the immediate early gene c-Fos (first signs of a genomic response) are useful mapping tools for regions of activation of different drug classes acting on the central nervous system (Herrera and Robertson, 1996; Sumner et al, 2004) . Fos protein expression in the nucleus accumbens (shell) is common to all clinically effective antipsychotic drugs whereas increases in Fos expression in the caudate putamen (dorsolateral striatum) are associated with motor side effects (Deutch et al, 1992; Robertson et al, 1994) . NDMC induced Fos in the nucleus accumbens (shell) only at a high dose of 60 mg/ kg and even at those doses expression in the dorsolateral striatum was not significant. This study replicates the findings of Young et al (1998) wherein increased Fos protein expression in the medial prefrontal cortex and nucleus accumbens was observed, but not in the dorsolateral striatum. However, in the present study Fos expression of comparators, haloperidol, clozapine, and aripiprazole in the nucleus accumbens (shell), correlates well with the presence/absence of CAR inhibition at a certain threshold of Fos expression (the doses at which these drugs inhibited CAR were usually related to 420 counts in a 400 Â 400 mm area). The Fos expression induced by a dose of 60 mg/kg for NDMC does not exceed this threshold and could explain the lack of effect in CAR at early time points. The emergence of catalepsy is correlated with a certain threshold of Fos expression (430 counts) in the dorsolateral striatum among antipsychotic agents (Natesan et al, 2006) . In the present study, only haloperidol exceeded this level of Fos expression, and showed catalepsy. Clozapine, aripiprazole, and NDMC showed limited levels Fos expression in this region even at the highest tested doses. As, in the case of clozapine and aripiprazole this has meant freedom from EPS clinically, it is likely that NDMC too will show freedom from motor side effects even at high doses. Clozapine's lack of prolactin elevation might be due to its low affinity. NDMC also has low affinity to the D 2 receptor, and at the same time is a partial agonist. These two qualities may explain why we did not observe prolactin elevation. At present there are no clinical studies of NDMC by itself. All inferences about NDMC's clinical potential are derived from studies of clozapine by measuring the plasma levels of NDMC or the ratio of NDMC/clozapine in these patients. It has been claimed that NDMC may derive unique efficacy via its muscarinic receptor agonist properties, and furthermore that clozapine's unique efficacy in clinically refractory patients may be a function of its conversion to NDMC (Weiner et al, 2004) . As clozapine is a cholinergic antagonist (Bolden et al, 1991) and NDMC is claimed to be a cholinergic agonist, the overall effects when NDMC is generated in a patient on clozapine would depend on the ratio of NDMC to clozapine. It has been suggested that patients who have a higher ratio of NDMC/clozapine may provide an indirect glimpse of the possible unique contributions of NDMC. In a recent study by Weiner et al (2004) showed that higher NDMC/clozapine ratios predicted greater improvement in subscales of quality of life measures, multiple measures of cognition as well as in some subscales of negative symptomatology and also predicted improvement in delusions, but not hallucinations. However, not everyone finds a positive impact of higher NDMC/ clozapineFeven this measure has met with conflicting findings in terms of clinical response to clozapine treatment ranging from no correlation (Dettling et al, 2000; Mauri et al, 2004 ) to a positive one (Hasegawa et al, 1993; Spina et al, 2000; Frazier et al, 2003; Mauri et al, 2003; Weiner et al, 2004) . Thus, while one can only draw indirect inferences from mixed NDMC/clozapine studies, there are some hints that NDMC may be contributing additional anti 'psychotic' or pro-cognitive efficacy via its muscarinic effects.
In addition to its in vitro evidence for muscarinic agonism, in vivo evidence comes from the fact that in rodents NDMC administration, but not clozapine, leads to a dose-dependent activation of mitogen-activated protein kinase (MAPK) in the CA 1 region of the hippocampus and also potentiates NDMA receptor currents, actions mediated by the muscarinic M 1 receptors (Berkeley et al, 2001; Sur et al, 2003; Weiner et al, 2004) . In fact muscarinic agonists like xanomeline, BuTAC, and PTAC (which are relatively devoid of D 2 activity) have been shown to be very active in CAR (Bymaster et al, , 2002 and xanomeline has been shown to have antipsychotic and pro-cognitive efficacy in humans (Bodick et al, 1997) . However in the case of NDMC, in the dose range tested, it did not effectively inhibit CAR at the 20-90-min time point where other M 1 agonists/partial agonists have inhibited CAR significantly after s.c. administration . It is possible that either NDMC did not reach sufficient receptor occupancies of muscarinic receptors, or the level of its intrinsic activity at the muscarinic receptor subtypes was too low to inhibit CAR. The animal models used in the present study mostly reflect efficacy against positive symptoms in schizophrenia and we did not have any test in our battery that readily addresses the claim of cognitive enhancement by NDMC (Floresco et al, 2005) .
In summary, the results of this study especially against the backdrop of very consistent findings with established antipsychotics suggests that NDMC will be an effective antipsychotic, if at all, only at very high doses in humans. The fact that NDMC did not induce any motor side effects, Fos expression in the dorsolateral striatum, or prolactin elevation at very high doses suggests that it will be free from the conventional side effects associated with antipsychotics. This keeps open the feasibility of NDMC being used as an adjunct to enhance efficacy of other antipsychotics especially in refractory patientsFa hypothesis that could be tested in humans.
